Summary: This review offers a brief summary of results obtained from separations of the sets of biologically relevant compounds (carboxylic acids, amino acids, peptides, nucleotides and organic phosphates) using open tubular capillary electrochromatography (OT-CEC), in which oligopyrrolic macrocycles serve as the modifiers of the inner fused silica capillary wall surface. Types of interactions leading to improved selectivity of the open tubular capillary electrochromatographic systems and/or to the change of the speed of the electroosmotic flow are also discussed. In addition, selected comparative data on the application of oligopyrrolic macrocycles in other analytical methods, particularly chromatographic and spectrometric techniques, are presented.
INTRODUCTION
monolithiclast years including packed capillaries, open tubular and columns. Several exhaustive reviews have been published about the fundamental aspects and column technologies [6] [7] [8] as well as the special reviews concerning CEC with physically and dynamically adsorbed phases [9, 10] , separation of enantiomers [11] [12] [13] [14] , application of etched columns [15] and application of CEC in analysis of different categories of compounds [16, 17] , advances in sol-gel columns for CEC [18] , polymeric monolithic stationary phases for CEC [19, 20] and microchannel wall coatings for protein separations by capillary and chip electrophoresis [21] . Summarizing monographs about CEC modes [22] and a special monograph dedicated to monolithic columns [23] have been published as well. The aim of this review is not to present another summary about used stationary phases; in this respect the potential reader is referred to the reviews of his particular field of interest and the literature cited herein [19] [20] [21] [22] [23] .
Owing to their multifunctional structure and complex formation abilities, porphyrins play not only a very important role in metabolic processes, but a number of the chemical features of this category of compounds can be exploited in analytical chemistry as well. Spectrophotometric, potentiometric and voltammetric methods for the analysis of a broad series of anions and cations can be found in the literature (for review see ref. [1] ); scattered information refers to the analytical methods (voltammetric) for selected drugs, alcohols, amines (neurotransmitters) and DNA preparations. Peptides, saccharides, fullerenes and permanent gases represent other possible applications. Using porphyrins for construction of artificial receptors and sensors has been reviewed in depth in ref. [2] .
Regarding chromatographic and electromigration techniques, the application of various porphyrin types as affiants is at hand. The current trends towards miniaturization favor the capillary electrochromatographic approach (see ref. [3] [4] [5] ); this is why electrochromatographic approaches are emphasized in this review. On the other hand, purely chromatographic approaches offer similar possibilities and this is why adequate attention is paid to these techniques on the next pages. Some perspective complexation and binding interactions not yet exploited neither in the chromatographic nor electrochromatographic set-ups are paid marginal attention as well.
The following pages are dedicated to the relatively new type, porphyrin derived modifiers used to change the inner capillary surface character for open tubular capillary electrochromatography (OT-CEC). Oligopyrrolic macrocycles seem to be promising candidates to broaden the family of commonly used modifiers since the application of oligopyrrole based receptors has been widely exploited in many branches of analytical chemistry, as mentioned above [1, 2] .
The idea of using metalloporphyrins as capillary wall modifiers (stationary phases) in open tubular capillary electrochromatography opens wide possibilities for introducing specific solute-stationary phase interactions which can bring about considerable improvements in the selectivity of the separation system. In addition the non-covalent interaction of the solutes involved can improve the analytes' detectability as well. This has been clearly demonstrated in a recent paper of Charvatova et al. [66] for the case of amino acid separations. While for the amino acid separations a Several different ways of preparing columns for capillary electrochromatography (CEC) have been developed over the number of well established methods is available, the separation of peptides, in particular the separation of their complex mixtures still needs badly an improvement in selectivity. The general guidelines for selection of a particular (metallo) porphyrin derivative for the separation of a given set of analytes runs as follows: First, a bulky periphery substitution of the porphyrin core provides sufficient lipophilicity of the derivative which in turn offers a long term stability of the capillary coating and, consequently, offers an easy way of modifying the inner capillary surface. A modifier (for instance a metallocomplex) can provide simultaneously axial ligand binding; multiple ligand binding can be easily materialized which in turn enables efficient separation. Typically a combination of π-π stacking and hydrophobic interaction in combination with axial ligand binding offers a selectivity increase for aromatic amino acids and low molecular mass peptides as discussed in detail in sections 4.3 and 4.4 of this review.
Porphyrins behave as very weak acids, strong bases such as alkoxides, can remove the two protons (pK 2,1 , pK 1,0 ∼ 16) on the inner nitrogen atoms to form a dianion. On the other hand, the two pyrrolenine nitrogen atoms (pK 3,2 and pK 4,3 ∼ 5-5.5) can be protonated easily with acids such as trifluoroacetic acid. Generally, pK 3,2 and pK 4,3 are very similar.
The porphyrin core is a perfect ligand for a large set of cations; complexes with most metals in the periodic table have been prepared and characterized [24] [25] [26] . Example of their chromatographic separation is shown in Fig. 2 . The facility of metal complexes formation is underscored by the fact that most systems with any type of physiological function occur as metal complexes (e.g. Fe in hemoglobins, myoglobins, cytochromes; Mg in chlorophylls and bacteriochlorophylls, Co in vitamin B 12 ). Insertion of metals into the porphyrin core occurs with variable ease (and difficulty), and dramatically affects the reactivity and binding ability of the porphyrin macrocycle. For example, for efficient electrophilic substitution of the ring, metals can be chosen which effectively release electron density to the organic porphyrin ligand, while reduction is best carried out on metalloporphyrins in which the metal tends to deplete the porphyrin ligand of its electron density by way of back-bonding [24].
PORPHYRIN BASED SYSTEMS

Basic Chemistry
The general description of porphyrins can be found in ref [22, 24] . Porphin is the parent heterocycle which possesses eight peripheral (or "beta") pyrrolic hydrogens and four interpyrrolic (meso, methine) hydrogen atoms (Fig. 1) . Porphin has very low solubility in almost all common solvents and thus it has been only sparingly used in chemical or spectroscopic studies of the porphyrin systems. Porphyrins are the porphin derivatives substituted with various groups at the β-pyrrol peripheral and/or methine positions. Such derivatives are not only more soluble, but also resemble more closely the naturally occurring compounds. What kind of substitution can be introduced in order to influence separation behavior in terms of specific interaction and what kind of proton transfer equilibrium can play role? There are the following possibilities: the porphyrin ring can be substituted to various extents either in the "beta" or meso-positions. The porphyrin macrocycle is an ampholyte with two pyrrolenine (=N-) nitrogen atoms capable of accepting protons, and two NH groups capable of deprotonation. The most useful scheme is as follows: In the most general sense, porphyrin analogues may be defined as consisting of all pyrrole-containing macrocycles that are not naturally occurring (for review see ref. [27] ). This definition has generally been further restricted by the porphyrin community to include systems that either (1) contain four or more pyrroles and some degree of conjugation or (2) possess only four pyrroles but little or no conjugation. Traditionally, the first of these two groups has been represented by porphyrin analogues that are contracted, expanded or isomeric with respect to porphyrin itself. As examples of the former type of system, sapphyrins and phthalocyanines can be noticed. General structures of the latter two are shown on Fig. 3. 
IMMOBILIZATION PROCEDURES
For the immobilization of oligopyrrolic macrocycles to the fused silica (FS) capillary wall three modes were applied the main steps of which are summarized in Table 1 . Prior to each type of modification the capillaries were pretreated as follows: iii.
Flushing with water for 10 min Three spectral methods have been employed to investigate whether and to what extent the porphyrin/porphyrin analogue is immobilized on the capillary wall, namely:
Laser induced fluorescence measurements (LIF) capillaries. Considering the adsorbed coating the resolution was a little worse than in uncoated capillary (benzoic and salicylic acids comigrated). ii)
Raman spectroscopy measurements iii) Diffuse reflectance infrared Fourier transformation (DRIFT) Decreasing pH to 6.0 brought about an interesting feature. While decreasing of EOF was expected in all three capillaries, in coated capillaries higher EOF mobility was observed. Moreover, more efficient separation was achieved in a capillary with adsorbed modifier in shorter time (20 min) as compared to 30 min in bare fused silica (FS) capillary used as control. Separation of nitroisophthalic acid from isophthalic and terephthalic acids (these three otherwise comigrated) was achieved as compared to the other two capillaries. Almost baseline resolution of aminobenzoic acid from hydroxybenzoic acid was observed in covalently modified capillary, while in uncoated and physically modified capillaries these acids coeluted. Benzoic and salicylic acids were not resolved at all when analyzed in the capillary with adsorbed porphyrin.
Details of these measurements are beyond the scope of this review, they are described in [35] . When the separations were run at pH 5.0, the polarity had to be changed to the reversed mode (cathode at the injection end) since at normal polarity (anode at the injection end) the separation of the test mixture in bare capillary was too long and only three peaks were observed within 40 min. On the contrary, nine peaks appeared in front of the detector window when the solutes were separated in the capillary with the covalent porphyrin attachment. In the reversed polarity mode the separation with the capillary containing adsorbed modifier gave irreproducible results. The main difference between the bare silica and the covalently modified FS capillaries was that in the latter complete separation of acetylsalicylic, hydroxybenzoic and amino-benzoic acids was observed, while in the bare capillary the separation of these three acids was much poorer. Moreover, nitroisophthalic acid was almost baseline resolved from the terephthalic-isophthalic acid doublet, while in the untreated capillary this separation was only indicated. Generally, covalently modified column containing the tested porphyrin derivative gave better resolution and higher number of theoretical plates as compared to the physically adsorbed phase and the unmodified silica capillaries. 
APPLICATIONS
General
Applications of porphyrins in analytical chemistry have been comprehensively reviewed [1, 2] including metal chelation experiments, spectrophotometric methods, potentiometry, voltametry, self-assembled monolayers and separation techniques. Porphyrin based stationary phases represent a specific category of column packings or inner capillary surface modifiers. Regarding separation techniques, they have been so far used to modify the properties of the sorbents/packings used in HPLC and for direct assays of a number of solutes as well. Deeper insight to all of these applications is outside the scope of this review. Table 2 
Amino Acids
Two slightly different approaches were applied to the separation of amino acids in porphyrin modified capillaries [65] . Firstly, only a six-membered set of the common amino acids was tested in capillaries with various adsorbed porphyrin derivatives. The model set consisted of three aliphatic (β-Ala, Val, Pro) and three aromatic (Trp, Phe, Tyr) amino acids, and two oligopeptides, diglycine and triglycine. Capillaries were modified by adsorption with various porphyrins that differ in the peripheral substituents and the central metal in the porphyrin cavity. Based on the preliminary screening three porphyrins were selected for detailed investigation, H 2 TPP, Co(II)Pc and Rh(III)TPP(m-OPh) 4 .
Carboxylic Acids
The separation of eleven aromatic carboxylic acids using tetrakis(pentafluorophenyl)-porphyrin (PFFP) derivative as the inner capillary wall modifier is shown on Fig. 6 [64] . The modification was achieved either by simple physical adsorption or by the covalent attachment of the porphyrin derivative via the ether bond to the fused silica. Separations were done in 25 mmol/l borate and phosphate buffers at different pHs (8.5 for borate buffer, and 5.0 and 6.0 for phosphate buffers). In alkaline buffer, the effective mobilities of the solutes were slightly decreased in the modified capillaries (as compared to the unmodified one), apparently due to the shielding of the ionizable silanol groups. The peak tailing observed in bare capillary was reduced in both the modified capillaries. The resolution of the acids was better in covalently modified as compared to the unmodified The runs were done both in acidic (50 mmol/l Tris-100 mmol/l phosphate, pH 2.1) and alkaline (50 mmol/l disodium tetraborate, pH 9.7) background electrolytes. As expected, the presence of a macrocycle in which a large π-electron system was available had a higher effect on the separation of aromatic amino acids as compared to the aliphatic species. The resolution of Trp -Phe -Tyr migration order increased in the following manner: uncoated < H 2 TPP < Co(II)Pc < Rh(III)TPP(m-OPh) 4 (pH 2.1) (Fig. 7) . Aliphatic amino acids and oligopeptides were baseline resolved in bare FS capillary and their separation was only partially improved in the modified capillaries at the above specified pH.
Interesting results were obtained in the alkaline buffer. Regarding the resolution of the aromatic solutes, the order of increasing resolution was uncoated < Rh(III)TPP(m-OPh) 4 < Co(II)Pc < H 2 TPP capillaries. Interestingly, the migration order Trp -Phe -Tyr seen in the unmodified capillary was changed to Tyr -Trp -Phe in capillary modified with H 2 TPP.
Further investigation of the porphyrin derivative Rh(III)TPP(m-OPh) 4 as the most perspective candidate from the previous study was concerned with the separation of an enlarged set of common underivatized amino acids containing seventeen members [66] . Sodium phosphate and Tris phosphate buffers were prepared as background electrolytes (BGEs). Although no dramatic changes in the separation profile of the species was observed, several interesting results emerged. The best separations were obtained in [Rh(III)TPP(mOPh) 4 ] coated capillary in 50 mmol/l Tris-100 mmol/l phosphate buffer at pH 2.25. Separation of the critical triplet Val -Ile -Leu was always at least indicated being better at higher BGE concentrations. Regarding the sensitivity of the method, lower concentration limit of detection (LOD) in the coated capillary was obtained for Thr, Gly, Tyr, and Val (114.5; 116.3; 24.6; 58.4 µg/ml, respectively); the other amino acids exhibited lower LOD in the uncoated capillary. The separation of acidic amino acids, aspartic and glutamic acids was not achieved.
Peptides
Coming to the gently more difficult model set, five aromatic amino acids possessing tripeptides as the model set in OT-CEC, experiments with capillaries modified again by Rh(III)TPP(m-OPh) 4 and H 2 TPP(m-OPh) 4 derivatives were reported [67] . Though these two modifiers have identical peripheral substituents, their difference is in the state of the macrocycle core; i.e., free-base or metal form. Both macrocycles were simply physically adsorbed on the capillary wall after the obvious column pretreatment. Upon pH 2.5 and H 2 TPP(m-OPh) 4 coated capillary using 100 mmol/l phosphate buffer, the running time of analysis was not changed, but almost baseline separation and peak narrowing was observed. If the metalled Rh(III) complex was used, complete baseline separation with good resolution was achieved, particularly at the increased voltage (15 kV instead of 10 kV) and, consequently, shorter analysis time (Fig. 8) .
with metal-free porphyrin than that in the bare silica, but the analysis time was about 30% longer (Fig. 9) .
Changing the composition of the background electrolyte from pure phosphate to Tris-phosphate lead to even faster separation, however, with slightly reduced resolution. The speeding up of the overall time of analysis might have the origin in the overall positive charge of the porphyrin metallocomplex (+1) that enables repulsion of the positively charged peptides.
Capillaries that had their inner surface covered with various porphyrin derivatives [H 2 TPP, Cu(II)TPP(CHO), Rh(III)-, Ni(II)-, Co(III)TPP(m-OPh) 4 ; Co(II)Pc] were applied also for the separation of model sets of octapeptides (Fig. 10) [68] . The structural diversity of individual members of the set was very low, as the octapeptides (Cterminal fragments of B-chain of human insulin) differed only in the position of the protecting phenylacetyl (Pac) group (on amino group of N-terminus or Lys/Orn residue), Regarding separations in alkaline pH, better resolution of a critical pair of peptides was observed in capillary modified and one amino acid residue change in the sequence (Lys or Orn). Separations were performed either in highly acidic pH (Tris-phosphate, 2.14) or in alkaline pH (sodium borate, 9.0).
observed using the capillary modified with Cu(II)TPP(mOPh) 4 . Similarly, the same doublet was partially separated in alkaline pH in Co(II)Pc column. As the conclusion of this investigation it was feasible to assume that the key role for successive separation of such intimately related compounds is played by the free Lys or Orn side chain possessing a free amino group allowing coordinative interaction with the porphyrin metallocomplexes.
Irrespectively of the pH of the buffers, similar molecules, i.e. those with the protecting group on the same position in the sequence, comigrated. At least partial separation of the octapeptides having the Pac group on N-terminus was 
Nucleotides
partial separation of nucleotide diphosphates (adenosine diphosphate ADP, cytidine diphosphate CDP, uridine diphosphate UDP) and adenosine triphosphate ATP was observed; (iv) the decrease in effective mobilities of the analytes was ∼20 % for monophosphates and ∼ 40% for diand triphosphates (at 20 kV). The reduction of the effective mobilities could be ascribed to the interaction with the capillary surface. From the above mentioned results it is feasible to assume that under appropriate conditions selective separation of monophosphates from di-and triphosphates could be achieved (i.e. borate-acetate, voltage lower than 20 kV). Changing the buffer composition to Tris-HCl brought no improvement of the separation but increased EOF was observed.
The affinity of sapphyrin macrocycles towards phosphate moiety has been previously proved in several papers [26] [27] [28] [29] [30] . Based on these findings, the sapphyrin molecule was also tested as the possible nucleotide recognition element adsorbed onto the inner FS column surface [69] . Preliminary studies performed in borate-acetate buffer (pH 7.0) showed several features: (i) the electroosmotic mobility of the unretained solute (EOF marker) was decreased by about 25% as compared to the unmodified capillary, (ii) under identical voltage conditions (17 kV) the di-and triphosphates could not be eluted at all on the sapphyrin capillary, (iii) after increasing the voltage up to 20 kV, however, at least a In order to reduce the solute-wall interaction, boratephosphate buffer (pH 7.0) was used for further investigations. As expected, the presence of phosphate in the background electrolyte decreased the retention of solutes in the sapphyrin-modified capillary, elution of all solutes was obtained, and the effective mobilities were decreased by only about 3% apparently owing to the competition of phosphates present in the buffer and phosphate residues bound to the solutes (Fig. 11) . Irrespective of the similar effective mobilities of the test solutes, much better resolution was observed in the modified capillary, i.e., otherwise poorly resolved UDP and CDP were completely separated. On the other hand, separation of monophosphates was only marginally affected by the presence of the sapphyrin molecule on the capillary wall. compounds. Two test mixtures were used [70] . The first one (No. 1) comprised of serine, threonine, phosphoserine and phosphothreonine (all as PTH derivatives) and paminobenzylphosphonic acid. The second one (No. 2) contained polyphosphates of adenosine having 4-6 phosphate moieties per molecule. 20 mmol/l borate-phosphate and 25 mmol/l borate-acetate buffers (both pH 7.0) were used as the running electrolytes.
Regarding the separation of the mixture No. 1 in borateacetate buffer, similar results as with the separation of nucleotides were obtained; i.e., phosphorylated amino acids did not appear in front of the detection window within 30 min using the modified capillary, while complete separation of all the solutes was observed within 21 min using the uncoated column (Fig. 12) . Comparing the mobilities of the EOF marker in both capillaries, a decrease of 35% was observed in the modified column as compared to the unmodified capillary. On the other hand, effective mobilities of non-phosphorylated amino acids were not changed, but that of aminobenzylphosphonic acid decreased about 12%.
Organic Phosphates
The sapphyrin macrocycle as the inner column wall modifier was used for the separation of this category of This could lead to the assumption that certain interaction of the phosphate group with the sapphyrin could occur. In borate-phosphate buffer, the interaction of solutes with the modifier is nearly abolished owing to the excess of phosphate in the electrolyte. Nevertheless, the effective mobility decreases observed for phosphorylated amino acids were still 5.96% and 8.75% for P-Ser and P-Thr, respectively, and 23% for aminobenzylphosphonic acid. It is feasible to conclude that some other non-covalent interaction is involved besides phosphoric acid residue complexing in the coated capillary. Since the aminobenzylphosphonic acid bears an aromatic cycle in its molecule, stacking interaction with the sapphyrin π-electron rich macrocycle could be considered.
To evaluate the influence of the number of phosphate groups on the separation in the modified capillary, several polyphosphates bearing one or two adenosine residues were employed as the test solutes. It was revealed that for analytes possessing a single adenosine moiety (p 4 A, p 5 A) the increasing number of phosphates leads to the decrease of the interaction as compared to ATP (vide supra). If the solute contained two adenosine residues (Ap 4 A, Ap 5 A, Ap 6 A) the interaction with the coated capillary was of similar magnitude as with the appropriate counterpart containing a single adenine only. Sterical conditions of interaction should also be taken into account, since the planar sapphyrin molecule is unable to accommodate the bulky polyphosphate compounds.
inner FS capillary surface for OT-CEC separation, and thus trying to enlarge the field of application of oligopyrroles in analytical chemistry. Basically, there are two ways how to modify a capillary column inner surface, namely by adsorption and covalent binding. Adsorption is generally easier to carry out; however, it is necessary to pay attention to the stabilization of the modified column (to prevent leakage of the adsorbent). Chemical bonding is considerably more time consuming in the laboratory practice, however it abolishes the problems with modified column stabilization to a considerable extent. Oligopyrrolic macrocycles (porphyrins and expanded porphyrins) represent another choice of perspective category of modifiers since they mimic the naturally occurring derivatives. These can be used both for the adsorption and chemical binding. The range of analytes separated by OT-CEC is broad indeed. Actually, the only limitation is to find a suitable pair of the modifier By comparing the set of compounds tested we can consider three types of interaction between the sapphyrin coating and the solute: (i) complexing of the phosphate residue (provided that it is sterically available), (ii) hydrophobic and (iii) π-π interactions.
CONCLUDING REMARKS
and the analyte (or category of analytes) to obtain the desired results.
In this brief review we attempted to summarize different possibilities of immobilization of oligopyrroles onto the The following conclusions could be drawn from the published results: a coordinative interaction (relevant for metalloporphyrins).
1)
It was shown that the preparation of adsorbed layers of the modifier on the inner surface of the FS capillary is easy by simple flushing the column (after its pretreatment) with the porphyrin/porphyrin analogue in an appropriate solvent. Modification of the inner capillary surface by covalent attachment of the studied modifier is more time consuming but it ensures more stable and long lasting coatings.
3)
The interactions of the separated species with the oligopyrrole-modified capillary are of four types: (i) previously mentioned coordinative interactions, (ii) π-π (stacking) interactions, (iii) hydrophobic forces, (iv) hydrogen bonding.
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